In complex regional pain syndrome type I (CRPS-I), edema of the affected limb is a common finding. Therefore, the changes in macro-and microcirculatory parameters were investigated to elucidate the underlying pathophysiology. Twenty-four patients with post-traumatic CRPS-I and 25 gender-and age-matched healthy subjects were examined by means of an advanced computer-assisted venous congestion strain-gauge plethysmograph. The recording of the volume response of the forearm to a stepwise inflation of an occlusion cuff placed at the upper arm enabled the calculation of the arterial blood flow into the arm (Q a ), the vascular compliance (C), the peripheral venous pressure (P v ), the isovolumetric venous pressure (P vi ; = hydrostatic pressure needed to achieve net fluid filtration) and the capillary filtration capacity (CFC) -an index of microvascular permeability. The study revealed no difference in any of the parameters between the right and left hand of healthy subjects. In CRPS-I patients, however Q a , P v , P vi and CFC were significantly (p ! 0.01/0.001) elevated in the affected arm (Q a 11.2 B 7.0 ml min -1 100 ml -1 , P v 20.2 B 8.1 mm Hg, P vi 24.7 B 4.2 mm Hg, CFC 0.0058 B 0.0015 ml min -1 100 ml -1 mm Hg -1 ) compared to the unaffected arm (Q a 4.2 B 2.4 ml min -1 100 ml -1 , P v 10.0 B 5.1 mm Hg, P vi 13.2 B 3.7 mm Hg, CFC 0.0038 B 0.0005 ml min -1 100 ml -1 mm Hg -1 ) and the values obtained in healthy controls (Q a 5.1 B 1.3 ml min -1 100 ml -1 , P v 10.4 B 4.3 mm Hg, P vi 15.7 B 3.3 mm Hg, CFC 0.0048 B 0.0012 ml min -1 100 ml -1 mm Hg -1 ). Whereas the values in the unaffected arm of CRPS-I patients revealed no difference in Q a , P v and P vi but a lower CFC (p ! 0.01) compared to those from healthy controls. These results suggest profound changes in both macro-and microvascular perfusion in the affected arm of CRPS-I patients. The high CFC contributes to the edema formation, and combined with the elevated P vi , they are in agreement with the hypothesis of an inflammatory origin of CRPS.
Introduction
The complex regional pain syndrome type I (CRPS-I) is a frequent complication in surgical patients after trauma or operation. It is characterized by disproportionate pain, allodynia, vasomotor changes, decreased range of motion and edema in the affected limb [1] . In prospective studies in patients with distal radial fracture, the incidence of CRPS-I was 120% [2] [3] [4] . The consequences of this disease on society may be considerable since CRPS-I causes severe complaints and longstanding disability in many patients.
Although the clinical picture and epidemiology of CRPS-I are well known, the underlying pathophysiology remains unclear. Until recently, an increased efferent sympathetic response following the initial injury was an often formulated hypothesis. Current placebo-controlled studies on the efficacy of therapeutic sympathicolysis [5] and the finding of diminished concentrations of norepinephrine in CRPS-I-affected extremities versus the unaffected side refute the hyperactive sympathetic theory [6] . By contrast, there is evidence of an upregulated sensitivity of ·-adrenoceptors for catecholamines in the affected extremity inducing CRPS-I. Already in 1900, Sudeck formulated another renascent hypothesis for the pathogenesis of CRPS-I which is based on the assumption of an exaggerated regional inflammatory response [7] [8] [9] [10] .
One of the major problems in the research on the pathophysiology of CRPS is the puzzling variety of symptoms that do not always occur in the same combination or succession. At the beginning of the disease, edema is one of the most frequent findings and can be observed in combination with other signs of inflammation (dolor, rubor, calor and functio laesa). There are several theories about the pathogenesis of edema in patients with CRPS-I. However, the mechanisms resulting in CRPS-I edema may differ from the pathogenesis of normal posttraumatic or postoperative edema, which are mediated following tissue damage. In CRPS-I patients, edemas appear in noninjured areas of the limb, and the development of edema is independent of the time the noxious event happened. Possible explanations for this phenomenon are an imbalance between postcapillary and precapillary vascular resistance causing an increase in peripheral hydrostatic pressure and/or an increase in capillary permeability and/ or capillary surface area [11, 12] . Scintigraphic investigations of patients with CRPS-I of the hand support the latter hypothesis since an extravasation of macromolecules was found [13] .
We investigated the changes in the peripheral circulation that led to the development of edema in patients with CRPS-I using a computer-assisted venous congestion plethysmograph, which enables the noninvasive assessment of macro-and microcirculatory parameters in the peripheral tissue [14] [15] [16] [17] .
Patients and Methods

Patients
Twenty-four patients (9 males and 15 females aged 36-85 years, average 56 years) with clinically diagnosed CRPS-I of the upper limb were examined. The diagnosis was established using the criteria of the 1993 Consensus Conference of the International Association for the Study of Pain [1] as well as the advanced differentiating criteria published by Brühl et al. [18] . In all patients, the disease was triggered by operation or trauma at the hands or wrists. In 2 cases, the duration of the disease was 1 2 years, in the remaining patients the average duration of disease was 63 days (range, 11-175 days). All patients exhibited a severe edema of the distal part of the arm with a side difference in hand volume of at least 60 ml. Differences in the etiology of edema were excluded, in particular there was no evidence of infection or delayed bone healing.
Twenty-five gender and age-matched healthy subjects, 12 males and 13 females, aged 23-85 years (average 52 years), were examined in the same way as the CRPS-I patients. None of the patients and subjects had any evidence of vasospastic disease, occlusive atherosclerosis, diabetes mellitus or peripheral neuropathies. All patients received a standardized pain management (WHO protocols I/II) consisting of nonsteroidal anti-inflammatory drugs, metamizol or opioids according to their actual pain level. Examination was performed after informed consent of the patients and subjects was obtained.
Clinical Examination
All patients were examined clinically be means of a standardized protocol. Patients were seen by an experienced anesthesiologist, surgeon and neurologist in the interdisciplinary CRPS clinics. In addition to patient history, patients were examined with regard to pain, and sensory, motor and autonomic changes. The hand temperature was measured bilaterally with an infrared camera (Thermovision Scanner 900 SW-TE, AGEMA Infrared System, Sweden), and the hand volume was assessed quantitatively by means of a water immersion bath.
Venous Congestion Plethysmography
Venous congestion strain-gauge plethysmography (VCP) is a wellestablished noninvasive technique assessing microvascular parameters in peripheral human limbs. Initially, the VCP was mainly used to noninvasively determine arterial blood flow into a limb [19] .
An advanced computer-assisted VCP, named Filtrass 2001, was used in the current study (DOMED, Gräfelfing, Germany). It enables a sensitive recording of limb circumference during venous congestion and an off-line computer-assisted calculation of microcirculatory parameters [16] . Filtrass enables to measures three macrovascular parameters: Q a (ml W min -1 W 100 ml tissue -1 ), which is the local arterial blood flow into the limb, P v (mm Hg), the ambient local venous pressure and C (ml W mm Hg -1 W 10 -2 ), the vascular compliance [14] . Two microvascular parameters, the capillary filtration capacity (CFC) (ml W min -1 W 100 ml -1 W mm Hg -1 ) and the isovolumetric venous pressure (P vi ; mm Hg), were also calculated. CFC is defined as the increase in fluid filtration into the tissue following an elevation of venous pressure [17] . P vi is an index of the relationship between the oncotic and hydrostatic forces at the microvascular interface and equals the capillary hydrostatic pressure that has to be exceeded to induce net fluid filtration into the interstitium.
Details on the assessment of CFC, P vi , P v , Q a and C have been published elsewhere [17] ; therefore we will only outline the principle. VCP is based on a stepwise inflation of an occlusion cuff, which is placed around the upper arm, leading to venous congestion and an increase in the volume in the forearm. This increase in limb circumference is measured with a highly sensitive strain gauge and is continuously recorded by a computer ( fig. 1 ). The volume response to venous congestion consists of two components, vascular compliance and fluid filtration.
The initial rapid volume increase is attributable to the compliance of the postcapillary capacitance vessels and the surrounding tissue. Subsequently, a slow volume increase is noted, which is caused by fluid filtration into the interstitium. During the first component, the volume increases exponentially with a time constant of approximately 15 s in normal healthy subjects [17] until venous pressure just exceeds cuff pressure. Following the venous pressure increase, the normal fluid filtration into the interstitium increases to a level greater than the existing dynamic balance of Starling forces (isovolumetric venous pressure P vi ) and lymphatic drainage. Hence, net fluid filtration into the interstitial space results. Because of a low fluid filtration rate and a high extravascular capacity, the fluid filtration curve has an exponential time constant of over 800 s and can be approximated as a linear function over a time span of 240 s. The two exponential functions of the volume response are distinguished by computer analysis, according to their different time constants [15, 16] (fig. 2a) .
VCP Record Analysis. Each volume curve obtained during a single pressure step is evaluated separately. In each step, the filtration slope (J v ) is estimated mathematically and subtracted from the record, the remainder equals the change in circumference due to the vascular complicance. In the negatively accelerated function of vascular complicance, the asymptotic value (V a ) is estimated. Subsequently, V a of each pressure step is plotted as a function of the corresponding cuff pressure (P cuff ). The intercept of this function with the x-axis is the actual venous pressure (P v ) in the limb in the area of the strain gauge. The slope of this function equals the vascular compliance (C; fig. 2c ) [14] .
In the same way, the J v values of all pressure steps are plotted against the corresponding P cuff . The slope of the linear regression curve based on the coordinates of P cuff and J v represents CFC. The interception with the P cuff axis reflects P vi , the isovolometric venous pressure ( fig. 2b ).
Q a , the arterial blood flow into the limb, is assessed in an additional pressure step. The venous congestion pressure is raised to 50 mm Hg and held for 10 s before deflation. The maximum blood flow is calculated within the first 5 s after inflation where the slope of the volume curve is the steepest. Within this time there is no evidence that the flow is altered by secondary effects as for example the veno-arterial reflex [20] .
Study Protocol. All subjects and patients were examined in the same standardized way. Room temperature was kept within a range of 22-24°C. Subjects had to rest on an examination bed in a comfortable supine manner for at least 15 min prior to the tests. Both arms were positioned in special armholders at the level of the right atrium for applying the occlusion cuff and the strain gauge. The cuff was fixed on the upper arm, while the gauge was applied to the area of the forearm with the maximum circumference ( fig. 1 ).
After being attached to the extremity, the strain gauge systems are calibrated separately. This maneuver enables to adjust for differences in the volume of the edematous and non-edematous arm. The pressure step protocol starts with a baseline recording for 3 min to assess the initial volume changes in the limbs [16] . Then the 50 mm Hg pressure step for calculation of the arterial blood flow is applied. After deflation and storation of a stable baseline, six small pressure steps were carried out, starting from 10 mm Hg to a final pressure of 70 mm Hg in 10 mm Hg steps, each step with a duration of 240 s. All volume changes in the arms are recorded continuously by the computer system. The diastolic blood pressure never exceeded the cuff pressure in any subject. This modified pressure step protocol enabled to measure the microvascular parameters within 40 min.
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Statistical Analysis
The Kolmogorov-Smirnov test was chosen to assess equal distribution of all parameters. Statistical analysis was performed using the paired or unpaired Student's test and analysis of variance.
Results
Clinical Findings
The patients with CRPS-I presented a relatively homogeneous clinical picture consisting of spontaneous pain (mean value 2.9 B 1.5, range 1-8 on the visual analogue scale VAS 0-10), distinct impairment in their active range of motion (inability to make a first and DI-DV opposition), severely reduced grip strength (!30% of the unaffected side) and edema with a bilateral volume difference of at least 60 ml. The assessment of skin surface temperature with the infrared camera revealed an increased hand temperature of at least 1°C in the affected hand in 14 cases (58%). In 7 patients (29%) there was no systematic temperature difference between the affected and unaffected hand, and in 3 cases (13%) the affected hand (¢ !-1°C) was colder. All patients presented with sudomotor abnormalities or skin color or skin trophic changes.
The majority of the CRPS-I patients (21 of 24 patients) and healthy subjects (21 of 25 subjects) were right-handed persons.
Blood Flow
In the healthy subjects, the blood flow showed no statistical difference between the left and the right hands, although in the right hand blood flow was slightly increased (table 1) , which might be attributable to the over- whelming number of right-handed subjects. In the CRPS-I patients, blood flow was high in the affected arm (Q a : mean 11.2 B 7.0, range 3.4-29.9 ml W min -1 W 100 ml -1 ) and normal in the unaffected arm (Q a : mean 4.2 B 2.4, range 1.5-8.8 ml W min -1 W 100 ml -1 ). Statistically significant differences were found between the affected and unaffected hand of CRPS-I patients (p ! 0.001) as well as between the affected hand of CRPS-I patients and the mean value in healthy subjects (Q a : mean 5.1 B 1.3 ml W min -1 W 100 ml -1 ). There was no significant difference in the mean value of the unaffected hand between healthy subjects and CRPS-I patients (table 2) . No correlation between temperature differences and arterial blood flow in the affected and unaffected hand could be detected.
Capillary Filtration Capacity
CFC did not differ between the right and the left arm in the healthy subjects (table 1). In the affected arm of CRPS-I patients, CFC was increased (mean 0.0058 B 0.0015, range 0.0040-0.0089 ml W min -1 W 100 ml -1 W mm Hg -1 ), with a statistically significant difference to the unaffected arm (mean 0.0038 B 0.0005, range 0.0029-0.0048 ml W min -1 W 100 ml -1 W mm Hg -1 ; p ! 0.001) and to the mean value of the healthy subjects (mean 0.0048 B 0.0012, range 0.0013-0.0087 ml W min -1 W 100 ml -1 W mm Hg -1 ; p ! 0.001; table 2). The unaffected arm of CRPS-I patients revealed a significantly smaller capillary filtration capacity compared to the healthy subjects (p ! 0.01; table 2).
Venous Pressure and Isovolumetric Venous Pressure
Both parameters showed no side differences in healthy subjects (table 1). In the CRPS-I patients, the mean P v of the affected hand (P v : mean 20.2 B 8.1, range 9.3-32.4 mm Hg) was twice as high as in the unaffected hand (P v : 10.0 B 5.1, range 3.1 B 19.6 mm Hg) or in the healthy subjects (P v : mean 10.4 B 4.3, range 3.6-17.5 mm Hg; p ! 0.001). Measurement of P vi also revealed a statistically significant difference between the affected and unaffected hand of CRPS-I patients (affected hand P vi : mean 24.7 B 4.2, range 17.8-35.6 mm Hg, vs. unaffected hand P vi : 13.2 B 3.7, range 5.6-23.7 mm Hg, p ! 0.001) and between the affected hand of CRPS-I patients and the healthy subjects (healthy subjects P vi : mean 15.7 B 3.3, range 6.9-22.4 mm Hg; p ! 0.001). For both parameters, no statistical differences could be detected between the unaffected hand of CRPS-I patients and the mean values of healthy subjects (table 2) .
Vascular Compliance
The vascular compliance revealed no side differences, neither in the healthy subjects nor in the CRPS-I patients.
Moreover, there was no statistical difference between the affected arm of the CRPS-I patients and the healthy subjects (tables 1, 2).
Discussion
The pathophysiology of CRPS-I is discussed controversially since there is no reliable proof for a single theory. There are two major aspects of the disease that lead to different hypotheses. First, the clinical appearance of CRPS-I supports the theory of a localized inflammation. This was already formulated by Mitchell in 1864 and Sudeck in 1900 and is supported by current scientific research [8, 21] . Oyen et al. [13] , using scintigraphic techniques, showed an increased vascular permeability for macromolecules in the affected hand of CRPS-I patients, which is an important characteristic of inflammation [13] . In muscle specimens of CRPS-I patients, Van der Laan et al. [9] found an increase in lipofuscin pigment, atrophic muscle fibers and abnormal capillaries indicating oxidative stress [9] . The inflammation might be triggered by neuropeptides, since CRPS-I patients had markedly increased levels of bradykinin as well as calcitoningene-related protein and neuropeptide Y [22, 23] .
In contrast to the hypothesis of an exaggerated inflammation in CRPS-I patients, many authors have focused on abnormalities in the peripheral or central nervous system in the discussion about the pathophysiology of the disease. Already in 1943, de Takats et al. [24] recognized the positive effects of sympathetic blockade to the complaints of CRPS-I patients. In many other studies, evidence in support of disturbances in the sympathetic nervous system was found. In particular, the sympatheticmediated vasoconstrictor skin reflexes appeared to be attenuated or abolished in CRPS-I patients [26] [27] [28] [29] [30] [31] .
The clinical picture of acute CRPS-I is characterized by blood flow abnormalities and edema. Edematous swelling of the distal and dorsal parts of the affected limbs is present in more than 90% of the cases [10, 30] . The appearance of this symptom is difficult to explain especially since there is often no relationship between the site of the inciting injury or operation and the location of the edema. Blumberg et al. [32] observed a positive influence of sympathetic blockade on the edema in CRPS-I patients even if these patients do not suffer from pain. They postulated a sympathetic origin of the edema similar to the sympathetically mediated pain in CRPS-I. They assumed that an imbalance between the sympathetic constrictor tone of postcapillary and precapillary vessels results in an elevated capillary filtration pressure, which leads to the plasma extravasation [33] .
In contrast to this explanation, the edema might be produced by the microcirculatory changes accompanying a local inflammation, as suggested by Goris [7] in 1998 who interprets CRPS-I as a localized version of the systemic inflammatory response syndrome.
To determine the actual changes in limb microcirculation that lead to the development of edema in CRPS-I, the venous congestion plethysmography provides reliable data. The method has been validated in numerous studies and the reliability of the calculated parameters has been established [14-17, 34, 35] . This is also confirmed by the findings of the current study, since the bilateral examination of the hands in healthy subjects showed no side differences and a small standard deviation with regard to blood flow, CFC, P v and P vi as well as vascular compliance.
The results of the VCP in 24 patients with CRPS-I revealed an increase in blood flow, P v , P vi and CFC in the affected arm, compared to the unaffected arm as well as to the healthy subjects. There results might be systematically influenced by factors that interfere with the peripheral vasculature, such as the analgetic medication of the CRPS-I patients or different stages of the menstrual cycle of the study women. This potential risk for a data bias could not be sufficiently controlled, but seemed to be of minor importance in view of the high statistical significance of the observed differences. Moreover, since these are systemic events, they should also influence the microcirculation of the controlateral nonaffected arm. Different arm circumferences in CRPS-I patients due to ipsilateral edema have to be considered in the interpretation of the CFC and blood flow values. It is important to note that the strain gauge systems were adjusted and calibrated after they were placed onto the limb, therefore the initial volume differences have been accounted for. Edematous tissue is proportionally less vascularized than normal tissue. Hence an increased fluid filtration in response to an elevated hydrostatic presure, suggesting an elevated CFC, will be underestimated in an edematous limb. Our data revealed a distinct elevation in the CFC in the affected arm of CRPS-I patients, hence this observation seems valid.
Blood Flow
The elevated blood flow in the affected arm of CRPS-I patients was expected since a higher blood flow was shown in previous studies. Particularly CRPS-I patients with a short duration of the disease are supposed to exhibit a high blood flow in the affected hand accompanied by an elevation in skin temperature, which is also evident in our study [28] . However, there was no significant positive correlation between the temperature differences and the blood flow differences. In recent studies with laser Doppler or laser speckle imaging, skin blood flow in the affected arm of CRPS-I patients appeared not to be elevated despite a higher temperature in this limb compared to the contralateral side [31, 36] . The blood flow measurements with VCP, however, mainly represent muscle blood flow, hence we suspect that the elevated flow in CRPS-I patients is a result of arteriovenous shunting in the muscles of the affected limb, which has already been observed by Matsumura et al. [36] , using digital subtraction angiography.
Capillary Filtration Capacity and Isovolumetric
Venous Pressure CFC describes the increase in fluid filtration following an elevation in the microvascular hydrostatic pressure in the limb resulting from venous congestion by means of a cuff applied to the proximal arm [17] . P vi reflects the cuff pressure, which has to be applied to induce a net fluid filtration into the limb. These values are determined by the balance of forces in the Starling equation [37] .
where J v = fluid filtration into the interstitium, P = hydrostatic pressures, ¶ = oncotic pressures, Û = plasma protein permeability coefficient, K f = filtration coefficient, and subscripts c and i represent the capillary and interstitial space, respectively. With respect to equation 1, the higher CFC values found in the affected arm in patients suffering from CRPS-I in the present study could be caused by (1) an increased microvascular permeability to water (K f filtration coefficient); (2) an increased surface area available for fluid filtration, and (3) an altered interstitial buffering capacity for the control of extracellular fluid volume. Many factors can cause an increase in K f such as high levels of free oxygen radicals, activated leukocytes or thrombocytes and several mediators of the inflammatory response, e.g. tumor necrosis factor 1· (TNF) and interleukins (IL). Previously, we have already shown a correlation between increased IL-6 levels, the adhesion molecule CD18 and increased CFC values [38] . In CRPS-I patients, hypoxia of peripheral tissue due to impaired microvascular perfusion may be responsible for local endothelial changes that lead to a capillary leakage.
On the other hand, sensory neuropeptides such as substance P (SP) and calcitonin-gene-related protein (CGRP) are also known to induce capillary leakage following release from sensory C-fibers that are antidromically activated [39] . Blair et al. [22] found elevated levels of CGRP in the peripheral blood of patients with CRPS-I [22] , and our own unpublished data revealed elevated systemic levels of SP, TNF receptors and IL-8 in CRPS-I patients. Thus the increased capillary filtration capacity found in the current study might result from neurogenic inflammation, which has been suggested by several authors as a possible origin of CRPS-I.
Whilst we believe that an increased permeability to water could be the major factor in the pathophysiology of edema formation, and ultimately the impairment in tissue perfusion, other mechanisms which could also explain our findings have to be considered.
Potentially, an increased total surface area available for fluid filtration would also cause a higher CFC value. To our knowledge, no evidence has been found to date for such a change; by contrast, Matsumura et al. [36] showed increased arteriovenous shunting in the affected limbs of CRPS-I patients that might decrease the perfused vasculature in the peripheral tissue. No morphometric data, however, are currently available on the change in the actual number of microvessels perfused in patients suffering from CRPS-I, thus this remains mere speculation.
Changes in the interstitial buffering system may serve as an explanation for the observed edema in CRPS-I patients. Long-standing overcharge of capillary pressure and filtration may lead to a depletion of the interstitial buffering capacity [40] . The elevated peripheral venous pressure in our CRPS-I patients may contribute to such a mechanism, since it causes an increase in capillary hydraulic pressure and subsequently strains the drainage capabilities of the interstitium. While our data do not enable to draw any conclusions about the succession in the appearance of the observed phenomenon, this interpretation remains speculative. According to our own recent study about the clinical findings during the very early phase of CRPS-I, the afflicted patients present with the characteristic edema already 1 day after the inciting event [41] . This rapid increase in the interstitial fluid volume questions the contribution of potentially exhausted interstitial buffering systems.
However, the influences of a chronically reduced interstitial buffering capacity on the CFC parameter in our test setting are difficult to estimate. It is doubtful that the short-term increase in hydrostatic pressure, which is artificially produced by the applied venous congestion, may lead to substantial changes in the interstitial pressure. Moreover, capillary filtration is relatively insensitive to interstitial colloid osmotic pressure [42] . Thus the ob-served elevated CFC is more likely dependent on the endothelial permeability than on chronically altered interstitial hydraulic and osmotic pressure [43] .
The reduction in CFC in the controlateral arm in CRPS-I patients is more difficult to interpret. We suggest that the previously shown upregulation of the ·-adrenoceptors in the nonaffected contralateral limb in CRPS-I patients may contribute to this phenomenon [6, 31, 44] .
The observed increase in P vi could be attributed to a local or systemic increase in plasma oncotic pressure. There have been no direct measurements of the plasma protein permeability coefficient Û in patients suffering from CRPS-I. In the present study, venous plasma oncotic pressure was not assessed. We have previously established that an increased plasma oncotic pressure causes a similar change in P vi [35] , hence this may explain the high P vi value found in the affected arm. Moreover, we have postulated that high values of P vi may be caused by a decrease in microvascular blood flow resulting from venular leukocyte/endothelial interaction. The flow-limited exchange increases the local oncotic pressure [34] , thus a higher hydrostatic pressure (which is reflected in the P vi value) has to be generated to cause net fluid filtration. The significantly higher blood flow in the affected arm does not oppose this hypothesis since in CRPS-I an inhomogeneous perfusion may well exist in the affected limb similar to the changes seen in sepsis, where areas with the high flow are close to no-flow areas, thus causing functional shunting. The highest P vi values so far were found in patients suffering from sepsis and septic shock and correlated with patient outcome [34, 45] , hence we would not rule out the possibility that the increased P vi values found in the affected limb reflect impaired microvascular perfusion despite a high arterial blood flow into the limb.
Venous Pressure
The venous pressure found in the healthy subjects and the non-affected arm of patients with CRPS-I are in keeping with previous invasive measurements [14, 46] . The highly significant increase in P v in the affected limb has not been described before and is therefore surprising.
Moreover, the data provide evidence for the severe derangement of most hydrostatic forces in the affected limb. Chronically increased venous pressure causes edema once the capacity to increase lymph flow is exceeded [40] . Thus the edema seen in CRPS-I may be partially due to the elevated venous pressure. To which degree the increased P v , however, is caused by the high blood flow and arteriovenous shunting remains to be determined.
In conclusion, the edema formation in CRPS-I is an expression for the insufficiency in the control of the interstitial fluid volume. We found a high arterial blood flow and elevated peripheral venous pressure suggesting arteriovenous shunting. Moreover, we provided evidence for a severe derangement in the Starling forces in the affected limb, which manifested itself by an elevated isovolumetric venous pressure. The elevated CFC in the affected limb of CRPS-I patients could be interpreted as an increase in the microvascular water permeability. An increase in the capillary permeability might be caused by local endothelial changes due to tissue hypoxia or the release of sensory neuropeptides in the context of a neurogenic inflammation. The changes detected in the microcirculation are in agreement with the hypothesis of a local inflammatory response in the affected limb of CRPS-I patients since they resemble the situation found in patients with the systemic inflammatory response syndrome. The new technique of a computer-assisted VCP enabled us to detect these changes easily and noninvasively in humans. We suggest that prospective studies of patients running the risk of developing CRPS-I should now establish the time course of these events during the very early phase of the disease, thus enabling the identification of etiological factors and of patients at risk of developing CRPS-I.
